The mechanism of antimalarial activity of clotrimazole was studied placing emphasis on its role in inhibiting hemoperoxidase for inducing oxidative stress in Plasmodium falciparum. Clotrimazole, in the presence of H 2 O 2 , causes irreversible inactivation of the enzyme, and the inactivation follows pseudo-first order kinetics, consistent with a mechanism-based (suicide) mode. The pseudofirst order kinetic constants are k i ‫؍‬ 2.85 M, k inact ‫؍‬ 0.9 min ؊1 , and t1 ⁄ 2 ‫؍‬ 0.77 min. The one-electron oxidation product of clotrimazole has been identified by EPR spectroscopy as the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) adduct of the nitrogen-centered radical (a N ‫؍‬ 15 G), and as DMPO protects against inactivation, this radical is involved in the inactivation process. Binding studies indicate that the clotrimazole oxidation product interacts at the heme moiety, and the heme-clotrimazole adduct has been dissociated from the inactivated enzyme and identified (m/z 1363) by mass analysis. We found that the inhibition of hemoperoxidase increases the accumulation of H 2 O 2 in P. falciparum and causes oxidative stress. Furthermore, the inhibition of hemoperoxidase correlates well with the inhibition of parasite growth. The results described herein indicate that the antimalarial activity of clotrimazole might be due to the inhibition of hemoperoxidase and subsequent development of oxidative stress in P. falciparum.
t1 ⁄ 2 ‫؍‬ 0.77 min. The one-electron oxidation product of clotrimazole has been identified by EPR spectroscopy as the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) adduct of the nitrogen-centered radical (a N ‫؍‬ 15 G), and as DMPO protects against inactivation, this radical is involved in the inactivation process. Binding studies indicate that the clotrimazole oxidation product interacts at the heme moiety, and the heme-clotrimazole adduct has been dissociated from the inactivated enzyme and identified (m/z 1363) by mass analysis. We found that the inhibition of hemoperoxidase increases the accumulation of H 2 O 2 in P. falciparum and causes oxidative stress. Furthermore, the inhibition of hemoperoxidase correlates well with the inhibition of parasite growth. The results described herein indicate that the antimalarial activity of clotrimazole might be due to the inhibition of hemoperoxidase and subsequent development of oxidative stress in P. falciparum.
Clotrimazole (CLT, 3 1-(␣-2-chlorotrityl)imidazole), an azole derivative, is effective against a wide range of fungal pathogens (1) . The fungistatic mechanism of CLT is associated with inhibition of sterol 14 ␣-demethylase and microsomal P-450-dependent enzymes (2, 3) . Besides antifungal activity, CLT has diverse biological actions. It shows antiproliferative effect by acting as a translation initiation inhibitor (4), inhibits angiogenesis by blocking vascular endothelial growth factor expression (5), decreases glycolysis of lung carcinoma and colon adenocarcinoma cells (6) , and induces apoptosis by altering calcium homeostasis of leukemic lymphoblasts (7) . It is also known as an effective immunosuppressant (8, 9) . CLT inhibits cytochrome P450 monooxygenase and growth of mycobacteria and streptomycetes (10) . CLT effectively and rapidly inhibits growth of different strains of Plasmodium falciparum in vitro irrespective of their chloroquine sensitivity (11, 12) . The anti-malarial mechanism of CLT is not well understood. It has been suggested that the antimalarial effect may be due to its ability to cause major changes in calcium ion fluxes (13) (14) (15) . It has been proposed that CLT offers antimalarial effect by inhibiting heme catabolism in the malaria parasite and by enhancing heme-induced membrane damage (16 -18) . Inhibition of oxidized glutathione (GSSH) export from the infected human red cells or from the parasite itself is also considered to be one possible mechanism of anti-malarial effect of CLT. Efflux of GSSH from normal erythrocytes is mediated by a high affinity glutathione S-conjugate transporter, and multidrug resistance-associated protein (MRP1) and CLT inhibit the MRP1, which is present in human erythrocytes (19) .
The degradation of hemoglobin in the food vacuole of the malaria parasite produces redox-active toxic-free heme, and free heme can produce a significantly high concentration of H 2 O 2 (20 -23) . H 2 O 2 reduces parasite viability, and the susceptibility of P. falciparum to oxidantmediated killing has been well established (24 -27) . Enhanced oxidative stress to the parasite represents a most promising rationale for antimalarial chemotherapy because a number of lines of evidence suggest that this can effectively inhibit parasite growth (28) . Peroxidase, a widely distributed enzyme in both the plant and animal kingdom, exerts a wide spectrum of biological functions and plays a very important antioxidant role in defense against oxidative insult of the cell by scavenging the intracellular H 2 O 2 (29 -33) . We have recently purified and characterized a new heme containing peroxidase (PfHpo) from P. falciparum (34) , but its role in the antioxidant defense of the parasite is not yet known. Initial biochemical characterization shows that H 2 O 2 interacts with this hemoperoxidase to form a catalytically active intermediate similar to compound II of peroxidases, where iron remains as a higher oxidation ferryl state (Fe(IV) ϭ 0), and this active intermediate can oxidize aromatic substrate (34) . Here we present direct evidence to show that CLT effectively inhibits PfHpo. The mechanism of inhibition has been studied in detail with the purified PfHpo, and the results indicate that CLT inhibits PfHpo by acting as a suicidal substrate. Furthermore, we have shown that the inhibition of PfHpo by CLT is associated with the increased accumulation of H 2 O 2 and oxidative stress in P. falciparum. Moreover, the inhibition of PfHpo correlates well with the inhibition of P. falciparum growth at different concentrations of CLT. The studies, thus, provide new insights on the mechanism of antimalarial activity of clotrimazole. Purification and Characterization of PfHpo-PfHpo was purified from P. falciparum as described previously (34) . In brief, parasite was isolated from infected red cells, and the isolated parasite was lysed in phosphate-buffered saline by mild sonication (5-s pulse, bath type sonicator) at 4°C, and the whole lysate was then subcellular-fractionated by differential centrifugation at 500 ϫ g for 10 min, 15,000 ϫ g for 15 min, and 105,000 ϫ g for 1 h to get nuclear, mitochondrial, and microsomal pellet, respectively, and soluble cytoplasmic supernatant. The cytoplasmic supernatant, having peroxidase activity, was subjected to 65% ammonium sulfate precipitation. The supernatant obtained after 65% precipitation was further subjected to 80% ammonium sulfate precipitation, and the enzyme present in the 80% ammonium sulfate cut pellet was finally purified to homogeneity by fast protein liquid chromatography using Superdex-200 HR 10/30 gel filtration column. The purified peroxidase shows a native M r of ϳ30 kDa, as calculated from gel filtration by fast protein liquid chromatography using standard molecular weight markers, and it is a dimer of 2 ϳ15-kDa subunits as evident from SDS-PAGE. The purified peroxidase (R/Z ϭ 2. 33 EPR Studies-EPR spectra were recorded using DMPO as a spin trap in an X-band EPR spectrometer, Varian E-109, equipped with an E-238 cavity operating in TM 110 mode and using a flat quartz liquid sample cell. PfHpo (10 M) was incubated with 1 mM H 2 O 2, 1 mM CLT, 1 mM diethylenediaminetriaminopentaacetic acid, and 90 mM DMPO in a total volume of 1 ml containing 100 mM Tris-HCl buffer, pH 7.2. Instrument conditions were: microwave power, 50 milliwatts; microwave frequency, 9.26 GHz; time constant, 0.016 s; modulation frequency, 100 kHz; gain, 2 ϫ 10 4 .
EXPERIMENTAL PROCEDURES
Binding of CLT to PfHpo-Optical spectra were recorded in a total volume of 1 ml containing PfHpo in 100 mM Tris-HCl buffer, pH 7.2, in a PerkinElmer Life Sciences Lambda 15 UV-visible spectrophotometer at 25 Ϯ 1°C with quartz cells of a 1-cm light path. Binding of CLT to native PfHpo or PfHpo⅐H 2 O 2 complex was monitored at different concentrations (5-20 M). A stable PfHpo⅐H 2 O 2 complex was formed by adding a 10 M excess of H 2 O 2 to the native enzyme, and to this complex different concentrations of CLT were added successively. Soret spectrum was recorded immediately after each addition of CLT.
Heme Dissociation and ESI Mass Analysis-PfHpo (10 M) was inactivated in the presence of CLT (40 M) and H 2 O 2 (100 M) for a period of 10 min at 37°C in 100 mM Tris-HCl buffer, pH 7.2. Heme was dissociated and extracted from the inactivated enzyme (0.5 ml) by adding an equal volume of cold acetone-HCl mixture (acetone containing 0.015 N HCl) as described (37) . Mass of the extracted heme was measured in a Micromass Quattro II triple quadrupole mass spectrometer. The sample was dissolved in methanol and introduced into the ESI source through a syringe pump at the rate of 5 l/min. The ESI capillary was set at 3.5 kV, and cone voltage was 40 V.
Interaction of H 2 O 2 with Native and CLT-modified PfHpo Measured by Optical Difference Spectroscopy-For modification of PfHpo with CLT, 100 M H 2 O 2 was added to a microcentrifuge tube containing a solution of excess CLT (1 mM), PfHpo (20 M), and Tris-HCl buffer (100 mM, pH 7.2) in a total volume of 200 l and incubated at 37°C for 30 min. Under these conditions the enzyme showed complete loss of activity. The reaction mixture was passed through the NAP-10 desalting column to remove small molecules. Spectral studies using control and modified enzyme were carried out in a PerkinElmer Life Sciences Lambda 15 UV-visible spectrophotometer at 25 Ϯ 1°C in a 1-ml cuvette of 1-cm light path. The difference spectra of the CLT-modified PfHpo⅐H 2 O 2 complex versus CLT-modified PfHpo or native PfHpo⅐H 2 O 2 complex versus native PfHpo were recorded. Initially, both the sample and reference cuvettes were filled with 1 ml of enzyme solution, and a base-line trace was recorded. A small volume (usually 5-20 l) of the H 2 O 2 of appropriate concentration was then successively added to the sample cuvette with concomitant addition of the same volume of buffer to the reference cuvette. The contents of each cuvette were stirred well before the difference spectrum was recorded. Assay of PfHpo (Peroxidase) Activity in P. falciparum-P. falciparum (2% parasitemia) was cultured in the presence or absence of different concentrations of CLT for a period of 48 h. The culture was then washed twice with phosphate-buffered saline, and the parasite was isolated from control and treated groups -as described (38) . Isolated parasite was lysed by mild sonication (5-s pulse, bath type sonicator) at 4°C, and the peroxidase activity was measured from control or inhibitor-treated parasite lysate by following iodide oxidation as described previously (31, 36) .
Fluorometric Measurement of Intra-parasitic H 2 O 2 -P. falciparum (2% parasitemia) was cultured in the presence or absence of different concentrations of CLT for a period of 48 h. The culture was then further incubated for 30 min in RPMI complete media containing 10 M 2Ј,7Ј-dichlorofluorescein diacetate. The culture was then washed twice with phosphate-buffered saline, and the parasite was isolated from control and treated groups as described (38) . Isolated parasites were lysed by mild sonication (5-s pulse, bath type sonicator) at 4°C. H 2 O 2 was measured in control or inhibitor-treated parasite by measuring the fluorescent dichlorofluorescein (DCF) formed due to the oxidation of nonfluorescent probe dichlorofluorescein diacetate by H 2 O 2 as described (39) . Fluorescent intensities were recorded from the lysates in a PerkinElmer Life Sciences Lambda LS 50B spectrofluorometer in a 5-mm path length quartz cell in a total volume of 1 ml at wavelength 502 and 523 nm for excitation and emission, respectively. H 2 O 2 was measured as relative fluorescence and expressed as fluorescence intensity/mg of parasite lysate.
Measurement of Reduced Glutathione-P. falciparum (2% parasitemia) was cultured in the presence or absence of different concentrations of CLT. After 48 h of treatment, the culture was washed twice with phosphate-buffered saline, and the parasite was isolated from the infected erythrocytes as described (38) . GSH content (as acid-soluble sulfhydryl) from control and inhibitor-treated parasite was determined as described (40, 41) . Isolated parasite was sonicated in 100 l of 20 mM ice-cold EDTA in a bath type sonicator (5-s pulse for 30 s) and centrifuged at 10,000 ϫ g for 20 min to get clear lysate. 50 l of lysate was mixed with an equal volume of 10% trichloroacetic acid, and protein precipitate was removed by centrifugation. The supernatant was added to an equal volume of 0.8 M Tris-Cl, pH 9, containing 20 mM 5-5Ј-dithionitrobenzoic acid to yield the yellow chromophore of thionitrobenzoic acid. which was measured at 412 nm. GSH content was measured as nmol/mg of parasite lysate.
Measurement of Lipid Peroxidation as an Index of Oxidative Stress-P. falciparum was cultured in the presence or absence of CLT at different concentrations as described above. Parasite was isolated from infected erythrocytes, and lipid peroxidation products of the parasite lysate were determined as thiobarbituric acid-reactive substances (40, 42) . Control or inhibitor-treated parasite (100 l) was sonicated in icecold 0.9% saline in a bath-type sonicator. An aliquot (50 l) of the parasite lysate was allowed to react with 100 l of trichloroacetic acidthiobarbituric acid-HCl reagent containing 0.01% butylated hydroxytoluene, heated in a boiling water bath for 15 min, cooled, and centrifuged, and the supernatant was used for thiobarbituric acid-reactive substances determination at 535 nm using tetraethoxypropane as standard and expressed as nmol of lipid peroxide/mg of parasite lysate.
Inhibition of Parasite Growth in Culture-P. falciparum culture was synchronized by D-sorbitol treatment to obtain rings (43) , and all assays were started with ring-synchronized cultures of 2-4% parasitemia and processed as described previously (12) . Aliquots of stock solutions of CLT in Me 2 SO were dispensed in cell culture plates under sterile conditions to make final concentrations of 0.1-2 M after the addition of parasitized red cell suspension in culture medium. The plates were placed in gas-tight desiccators that were flushed with a low oxygen gas mixture, sealed, and incubated at 37°C for 0 -48 h. Parasitemia and differential counts of asexual stages were carried out by counting parasites per 5000 erythrocytes after Giemsa staining.
RESULTS

Inhibition of PfHpo by CLT-Preincubation of PfHpo with increas-
ing concentrations of CLT in the presence of fixed H 2 O 2 concentration results in concentration-and time-dependent irreversible inactivation of the enzyme after pseudo-first order kinetics (Fig. 1A) , consistent with a mechanism-based (suicide) mode. When K obs obtained from the slope of each line was plotted against CLT concentration, a straight line (Fig. 1B) was obtained from which a second-order rate constant was calculated to be 10 ϫ 10
25°C. The half-life of the enzyme inactivation (t1 ⁄2 ) at each CLT concentration, when plotted against the reciprocal of CLT concentration, yields a straight line (Fig. 1C) (29 -33) . Because CLT acts as a suicidal substrate to PfHpo, it must be oxidized by the catalytically active PfHpo before inactivation. EPR spectroscopy using spin trap DMPO indicates that PfHpo oxidizes CLT by one-electron oxidation, and the formation of the CLT free radical has been identified as DMPO-CLT radical adduct (a N ϭ 15 G) in the PfHpo⅐H 2 O 2 system (Fig. 2a) . This radical is not formed in the absence of H 2 O 2 (Fig.  2b) or CLT (Fig. 2c) . 
Suicidal inhibition of PfHpo by CLT
PfHpo (0.5 M) was incubated in the presence or absence of CLT (2 M) or H 2 O 2 (100 M) for 5 min at 37°C in a total volume of 30 l containing 100 mM Tris-HCl buffer, pH 7.2. The reaction mixture containing the CLT-inactivated enzyme was passed through NAP-10 desalting column, and the flowthrough was collected for activity assay. Peroxidase activity was measured by following iodide oxidation as described under "Experimental Procedures." 
Peroxidase activity
Protection of PfHpo against CLT Inactivation by Electron Donors-
The kinetic data presented so far indicate that PfHpo is inactivated irreversibly by CLT, which acts as a suicidal substrate for oxidized PfHpo. However, inactivation could be prevented if the enzyme was preincubated with CLT in the presence of another electron donor (substrate) such as iodide, bromide, chloride, and guaiacol. TABLE TWO shows the effect of electron donors on PfHpo inactivation. All the electron donors quite effectively protect the enzyme from inactivation, but iodide or chloride protects in a better degree when compared with bromide or the aromatic donor guaiacol at the same concentration (100 M). CLT alone could inhibit 98% activity, but in the presence of 100 M iodide or chloride, it could inhibit only 5-6%. Fig. 3 indicate that, whereas PfHpo is inactivated on preincubation with CLT and H 2 O 2 , it is almost completely protected in the presence of the spin trap DMPO. The protection against inhibition of PfHpo by CLT by DMPO indicates that the oneelectron oxidation product of CLT is the inactivating species. To find out whether CLT or its oxidation species interacts with the active enzyme, spectral studies were carried out with the native and catalytic complex (PfHpo⅐H 2 O 2 complex). CLT at a concentration of 5-10 M interacted at the heme site of the catalytically active enzyme (PfHpo⅐H 2 O 2 complex) as evidenced from the decrease of absorbance of in Soret peak at 413 nm (Fig. 4A) , whereas we observed virtually no binding of CLT with the native enzyme even at a concentration of 20 M (Fig. 4B) , indicating that oxidation product is the possible interacting species. To see whether the binding of CLT oxidation product is reversible or irreversible, we extracted heme from the enzyme after CLT inactivation and analyzed its mass by ESI mass spectroscopy. Appearance of a product having an m/z of 1363 {heme ϩ 2ϫ (clotrimazole) ϩ Na ϩ Cl} (Fig. 5A) clearly indicates the formation of heme-CLT adduct and irreversible binding of CLT oxidation product to the heme moiety of the enzyme. Moreover, when PfHpo is incubated in the absence of clotrimazole (Fig. 5B) (Fig. 5C) , the extracted heme only shows the prominent peak of heme (m/z 616), and the heme-clotrimazole adduct (m/z 1363) is not formed, indicating the requirement of both CLT and H 2 O 2 for suicidal inactivation. Besides the peak of the heme-CLT adduct (m/z 1363), there are many prominent peaks (e.g. m/z 277, 616, 681, 779, 900, 998, 1119, and 1262) in the spectrum of heme extracted from CLT-inactivated PfHpo (Fig. 5A) . These peaks are originated due to the fragmentation of the adduct, and the probable nature of these peaks are as follows; m/z 277 {clotrimazole Ϫ imidazole (C 3 dation (29, 33) . We have shown that CLT-inactivated enzyme fails tooxidize peroxidase substrate like iodide. To know whether this is due to the absence of H 2 O 2 interaction with the inactivated enzyme to form active enzyme intermediate, PfHpo was inactivated with H 2 O 2 and CLT, and spectral studies were carried out to detect the enzyme intermediate (PfHpo⅐H 2 O 2 complex) formation after removal of the small molecules through a spin column of G-25. Fig. 6 shows that CLT-inactivated enzyme can readily form a complex with H 2 O 2 . Interaction of H 2 O 2 with the native enzyme (Fig. 6A) or CLT-inactivated enzyme (Fig.  6B) is more or less the same at different concentrations of H 2 O 2 (25-80 M). This indicates that heme iron remains free in the inactivated enzyme to interact with H 2 O 2 , or the interaction of the CLT oxidation product does not interfere with the reactivity of the enzyme with H 2 O 2.
Demonstration That CLT Oxidation Product Is the Inactivating and Interacting Species-The results in
CLT-inactivated Enzyme Can Form a Complex by Interacting with
CLT Inhibits PfHpo and Induces Oxidative Stress in P. falciparum-To see the effect of PfHpo inhibition by CLT on parasite growth, P. falciparum was cultured in the presence or absence of different concentrations of CLT. CLT inhibits PfHpo of P. falciparum in a concentration-dependent manner with 50% inhibition at 0.5 M and 90% inhibition at 2 M (Fig. 7A) , and the inhibition of PfHpo is associated with the significant accumulation of H 2 O 2 in parasite (Fig. 7B) . CLT increases 50 and 100% H 2 O 2 accumulation (as compared with control) in parasite at a concentration of 0.6 and 0.8 M, respectively (Fig. 7C) . The generation of intra-parasitic H 2 O 2 and the inhibition of PfHpo are well correlated at different concentrations of CLT (Fig. 7C) , indicating that the inhibition of PfHpo may be the cause for higher H 2 O 2 generation. Moreover, the inhibition of PfHpo is well correlated with the inhibition of parasite growth (Fig. 7D) . 90% inhibition of PfHpo at 2 M CLT causes almost 100% inhibition of parasite growth. To further confirm the development of oxidative stress due to the inhibition of PfHpo, GSH level and lipid peroxidation products are measured from control and CLT-treated parasite. CLT concentration dependently increases lipid peroxidation and decreases GSH level (TABLE THREE) . CLT at a concentration of 0.5 M increases 50% lipid peroxidation and decreases 36% GSH, but at a concentration of 2 M it increases 100% lipid peroxidation and decreases 64% GSH level in P. falciparum (TABLE THREE) .
DISCUSSION
Evidence has been presented to show that CLT inhibits P. falciparum hemoperoxidase, and the inhibition is associated with the development oxidative stress and inhibition of P. falciparum growth. CLT is also known to inhibit heme-containing enzymes (44, 45) . Another antifungal azole, miconazole, inhibits peroxidase, and the possible involvement of peroxidase in the mechanism of action of this drug has been suggested (46) . Kinetic evidence shows that CLT inactivates PfHpo by acting as a suicidal substrate. Peroxidases oxidize varieties of aromatic substrates through one-electron oxidation in the presence of H 2 O 2 (29, 33) . Evidence has been presented to show that CLT is oxidized to a highly reactive free radical before irreversibly inactivating PfHpo. Peroxidase in normal ferric state reacts with H 2 O 2 to form a transient green complex, compound I, which undergoes a one-electron reduction by an electron donor to form relatively stable compound II (29, 33, 47) . The latter further undergoes a one-electron reduction by a second electron donor to regenerate ferriperoxidase to start a new cycle as, 
where AH 2 represents the aromatic electron donor, and AH . is the corresponding one-electron oxidation product (free radical). The radicals may dimerize to generate stable oxidation product A. But in the case of the oxidation of suicidal substrates by peroxidases, substrate free radicals formed interact with the enzyme to inactivate it rather forming a stable polymer of oxidation product (36, 48 -50) . When CLT was added to PfHpo in the presence of H 2 O 2 , CLT was oxidized by a one-electron transfer process, probably by the ferryl state of the enzyme, to form N-centered CLT radicals, which were conveniently detected by EPR spectroscopy as the CLT radical-DMPO adduct, having a splitting constant a N ϭ 15 G. Interestingly, DMPO, the spin trap, can protect enzyme from inactivation because CLT free radicals are no longer available. This further proves that CLT free radicals act as essential intermediates to inactivate the enzyme. EPR studies were done in the presence of diethylenediaminetriaminopentaacetic acid (1 mM), a known metal chelator; therefore, we exclude the possibility that the observed spectrum does not arise from the reaction of trace metal ions perhaps released from the peroxidase. We also exclude the possible involvement of non-enzymatically formed hydroxyl radical or superoxide radical in the process of inactivation, as EPR parameters are not consistent with the splitting constants of hydroxyl or superoxide radicals (51, 52) . Inactivation of enzyme by suicidal substrate must be protected by its putative substrates. Putative peroxidase substrates of peroxidase such as iodide, bromide, and chloride protect PfHpo against inactivation. Aromatic substrate, guaiacol, is also capable of protecting the enzyme. Optical spectroscopic studies indicate that CLT binds at the heme moiety of oxidized enzyme (PfHpo⅐H 2 O 2 complex) but not to the native enzyme, further indicating that the oxidation product of CLT is the interacting species. Suicidal substrates of peroxidase are known to inactivate via generation of a more reactive radical that interacts with the specific heme site to block electron transfer (53) (54) (55) (56) . Evidence has been presented to show that CLT binds irreversibly at the heme moiety of this peroxidase, and heme-CLT adduct has been dissociated from the inactivated enzyme. The heme-CLT adduct shows a molecular ion peak at m/z 1363 {heme ϩ 2ϫ (clotrimazole) ϩ Na ϩ Cl} in ESI mass spectroscopy. Analysis of the mass spectrum of heme-CLT adduct indicates that two molecules of CLT probably interact with one molecule of heme. Evidence has been presented to show that inactivated enzyme can still form a complex with H 2 O 2 -like native enzyme, but it fails to oxidize peroxidase substrate (iodide). CLT oxidation product probably attacks a specific heme site that may be close or at substrate binding site, or binding of CLT prevents a transfer of the electron from iodide to the heme ferryl group. However, further studies are necessary to confirm the above hypothesis. We found that the inhibition of PfHpo by CLT is associated with the increased accumulation of intra-parasitic H 2 O 2 and enhanced oxidative stress. Moreover, inhibition of PfHpo correlates well with the inhibition of P. falciparum growth in vitro. The malarial parasite is susceptible to oxidative stress (24, 26, 27) . Peroxidase plays a significant antioxidant role in defense against the oxidative insult of the cell by scavenging the intracellular H 2 O 2 (29 -33) . Therefore, the inhibition of PfHpo by CLT leads to accumulation of intraparasitic H 2 O 2 , which should cause lipid peroxidation or reduced GSH levels. Evidence has been presented to show that PfHpo inhibition is associated with the formation of lipid peroxidation product and the fall of GSH in the parasite. The inhibition of PfHpo is correlated well with the inhibition of P. falciparum growth at different concentrations of CLT, indicating the possible role of oxidative stress developed due to the inhibition of PfHpo to inhibit parasite growth. Earlier it was shown that CLT had time-and concentration-dependent effects with a broad stage specificity of action, and it was more effective at the late trophozoites and schizont stages than at the ringtrophozoite stage (12) . The ring stage of parasite is comparatively less metabolically active in comparison to the late trophozoite and schizont stages. The late trophozoites and schizont stages, due to a higher metabolic rate, cause degradation of very high amounts of hemoglobin releasing redox-active free heme. A higher metabolic rate and free heme may cause oxidative stress due to the generation of reactive oxygen species, particularly H 2 O 2 (20 -23) . Therefore, the probability of the generation of reactive oxygen species and subsequent oxidative stress is less in the ring and early trophozoite stages. PfHpo, by scavenging intracellular H 2 O 2 , probably protects the parasite against this oxidative stress. CLT is more effective at the late trophozoites and schizont stages as it causes enhanced oxidative stress by inhibiting PfHpo. We now suggest from the present study that CLT induces oxidative stress in P. falciparum probably by irreversibly inhibiting PfHpo, and enhancement of oxidative stress by inhibiting PfHpo is a novel antimalarial effect of clotrimazole.
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Note Added in Proof-A Blast search of N-terminal sequence VLSPADKTNV in the protein data base SWISSPROT and circular dichroism analysis of the heme-containing peroxidase purified from P. falciparum revealed that it is identical to hemoglobin (human) ␣ chain. Moreover, immunoblot analysis of the protein by using both antibodies generated against this protein and human hemoglobin further revealed that this protein originated from host hemoglobin. As the protein has N-terminal sequence homology with the ␣ chain, not with the ␤ chain (VHLTPEEKSA), with native and subunit molecular masses of ϳ30 and 15.118 kDa, respectively, it is likely a dimer of ␣ chain. However, more careful analysis of subunit mass indicates that it has an m/z value of 15,118, which is 609 mass units lower than that of intact hemecontaining ␣ chain (m/z 15,727). Since the N-terminal sequence is intact, the data suggest that this protein is a C-terminal modified (deletion of few C-terminal amino acids) dimer of ␣ chain (molecular mass of the intact hemecontaining ␣ dimer is ϳ31.45 kDa). Alternatively, the experimental m/z value of the subunit may also correspond to the molecular ion of the ␣ chain with the loss of the heme moiety. However, in P. falciparum, generation of ␣ and ␤ chains truncated at their C terminus after hemoglobin breakdown has already been reported (20) . However extensive studies are necessary to find out any specific protease or actual process responsible for the formation of this ␣ dimer in P. falciparum.
